Two Gram-stain-negative, aerobic, rod-shaped endophytic bacterial strains, N19
The genus Rhizobium, accommodating root and/or stemnodule bacteria, was first proposed by Frank [1] . Traditionally, species of the genus Rhizobium have been regarded as legume symbiotic bacteria with the function of fixing nitrogen and have been isolated from the nodules of leguminous plants. However, novel species of the genus Rhizobium have been found in different environments, such as Rhizobium tarimense isolated from Populus euphratica forest soil [2] , Rhizobium straminoryzae isolated from rice straw [3] , Rhizobium yantingense from weathered rock [4] , Rhizobium alvei from a freshwater river [5] and Rhizobium pseudoryzae, Rhizobium rhizoryzae and Rhizobium oryzicola from the roots of rice [6] [7] [8] . Besides their ability to fix nitrogen, some species of the genus Rhizobium can also promote the growth of different plants including leguminous and nonleguminous plants [9, 10] . In this study, we report two novel bacterial strains, N19
T and N11-2, which were isolated from rice roots during a study on the diversity and function of rice-associated bacteria. A polyphasic taxonomic approach was applied to identify the strains N19
T and N11-2, and the results indicated that these two strains represent a novel species of the genus Rhizobium.
Strains N19
T and N11-2 were isolated from the sterilized roots of fresh rice plants in Luannan County, Tangshan, Hebei province. The method for the root surface sterilization was as described by Sun et al. [11] . Briefly, the samples were washed with tap water, and then immersed in 70 % alcohol for 3 min, washed with fresh sodium hypochlorite solution (2.5 % available chlorine) for 5 min, rinsed with 70 % alcohol for 30 s and finally washed 5-7 times with sterile water. Aliquots of the final rinsing water were spread on trypticase soy agar (TSA; Difico) solid medium plates and cultured for 3 days at 28 C for detection of bacterial colonies in order to examine the effect of the surface disinfection. The root samples were then ground in a sterile pottery mortar, which produced a suspension including bacteria from the rhizoplane and from the inner tissues of the roots. Subsequently, the suspension was diluted with doubledistilled water using the standard dilution plating technique and then incubated at 28 C on TSA and N-free media including yeast extract mannitol agar (YMA) for 3 days [12] . Strains N19 T and N11-2 were isolated from YMA, and stored at À80 C as glycerol suspensions (20 %, v/v) and at À4 C in freeze-dried milk ampoules.
The basic biochemical characteristics were investigated using API-20NE test strips (bioM erieux) and Biolog GN2 Microplates according to the manufactures' instructions. Growth at 4, 15, 25, 30, 37, 40, 45 and 50 C was tested on YMA. The pH for growth was determined in YMA liquid medium with a final pH between 3.0 and 12.0 (at 1.0 pH unit intervals). Salt tolerance was tested by using YMA broth adjusted to 0, 1.0, 3.0, 5.0, 7.0 and 10.0 % sodium chloride (w/v). Gram staining was performed using a Gram-stain kit (HiMedia), and other phenotypic characteristics were determined according to the methods described by Dong and Cai [13] . Strains N19
T and N11-2 could be distinguished by some basic characteristics from closely related reference strains, namely Rhizobium taibaishanense CCNWSX 0483
T and Rhizobium undicola ATCC 700741 T . It is worth mentioning that strains N19
T and N11-2 also showed highly similar 16S rRNA gene sequences to the type strain of Rhizobium vitis; however, in several culture collections, such as CCTCC, JCM, CCBAU, KACC and ACCC, the R. vitis type strain is not available any more or the 16S rRNA gene sequences of the deposited strains showed differences to that of the type strain of R. vitis. Therefore, this species was not considered for the comparative phenotypic analyses in this study. Fortunately, Genbank has the whole genome of R. vitis S4. Therefore, we only used the gene sequences for comparison in this study. Compared with these reference strains, strains N19
T and N11-2 were able to grow with 5.0 % NaCl. Strains N19 T and N11-2 differed from R. taibaishanense CCNWSX 0483 T in assimilation of oxalic acid, nitrate reduction and metabolism of i-erythritol, p-hydroxyphenylacetic acid, thymidine, D-glucuronic acid and b-hydroxybutyric acid. They differed from R. undicola ATCC 700741 T in assimilation of N-acetyl-D-glucosamine and gluconate, hydrolysis of gelatin, nitrate reduction, metabolism of N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, adonitol, i-erythritol, L-fucose, melibiose, raffinose, xylitol, formic acid, D-galacturonic acid, D-glucuronic acid, p-hydroxyphenylacetic acid, malonic acid, propionic acid, quinic acid, D-saccharic acid, alaninamide and thymidine and growth at 45 C. Discriminative features between the novel isolates and its close phylogenetic relatives are detailed in Table 1 .
Genomic DNA of the novel strains and reference strains was isolated from pure cultures using a Bacteria DNA Kit (Tiangen) according to the manufacturer's protocol. The 16S rRNA genes of strains N19
T and N11-2 were amplified by PCR using the universal primers 27F and 1492R [14] and sequenced. Identification of phylogenetic neighbours and calculation of pairwise 16S rRNA gene sequence similarity values were achieved using the EzTaxon server [15] . The CLUSTALW algorithm was used for sequence alignments, and MEGA 7.0 software was used for phylogenetic analysis.
Distance was calculated by using the Kimura two-parameter model [16] , and the rate variation among sites was modelled with a gamma distribution (gamma parameter =5). The best-fit model for nucleotide substitution was selected using MEGA7.0 for maximum-likelihood [17] analysis. The Hasegawa-Kishino-Yano model with gamma-distributed rates plus invariant sites was chosen as the best model in this study. Neighbour-joining [18] and minimum-evolution [19] methods were used to reconstruct phylogenetic trees. The robustness of the tree branches was estimated from bootstrap analysis, with 1000 replications, and all trees were built with partial deletion of gaps (95 %). Analysis of 16S rRNA gene sequences showed that strains N19
T and N11-2 had the highest similarity with R. taibaishanense CCNWSX 0483 T (97.7 %), followed by R. vitis NCPPB 3554 T (97.5 %) and R. undicola ATCC 700741 T (96.9 %). Based on the phylogenetic trees, strain N19
T was obviously located within the genus Rhizobium but formed a separated clade with the related species (Fig. 1) .
To further confirm the taxonomic position of the two new isolates, partial gyrB (641 bp), recA (520 bp) and glnA (579 bp) sequences were obtained using the method and primers presented by Martens et al. [20, 21] and Mousavi et al. Growth at/with
. The similarities of recA, gyrB and glnA gene sequences between strains N19 T and N11-2 were no less than 99 %, and less than 87 % with presently recognized members of the genus Rhizobium. The phylogenetic tree reconstructed using the concatenated housekeeping genes showed that strains N19
T and N11-2 form a phylogenetic cluster with strains in the genus Rhizobium (Fig. 2) . The results indicate that strains N19
T and N11-2 represent a novel species within the genus Rhizobium.
Box-PCR fingerprinting was used to accurately differentiate closely related rhizobia at the strain level [23] . It was performed by using the primer BoxAIR (5¢-CTACGG-CAAGGCGACGCTGACG-3¢) [24] and the procedure of Zhang et al. [12] . The PCR products were separated by electrophoresis in 1.7 % (w/v) agarose gels and then stained for 10 min with ethidium bromide. Strains N19 T and N11-2 had similar Box-PCR fingerprints, while, both of them showed different genomic fingerprinting from T and N11-2 and other closely related species of the genus Rhizobium. The branching pattern was generated by the neighbour-joining method. Asterisks denote branches that are also recovered using the maximum-likelihood and minimum-evolution methods. The significance of each branch is indicated by a bootstrap value (percentage) calculated for 1000 subsets. Genbank accession numbers are given in parentheses. Bar, 0.0050 substitutions per nucleotide position.
Rhizobium galegae LMG 6214 T (AM182941, HQ438234, AM182127)
Rhizobium huautlense LMG 18254 T (AM182942, AM418829, AM182128)
Rhizobium skierniewicense Ch11 T (FR754362, HQ438226, LN812157)
Rhizobium pisi DSM 30132 T (JQ771758, KC293522, EF113134)
Rhizobium giardinii H152 T (EF577442, HQ438240, HQ394251)

Rhizobium borbori LMG 23925 T (GQ289384, HQ823556, GQ289385)
Rhizobium undicola LMG 11875 T (FR754361, HQ438239, HE610313)
Rhizobium taibaishanense CCNWSX 0483 T (HQ846353, KX976460, HM777002)
Rhizobium vitis S4 (CP000633)
Rhizobium oryziradicis N19 T (KX947292, KX360661, KX360664)
Rhizobium oryziradicis N11-2 (KX947293, KX360662, KX360665) 100 100 92 97 61 57 57 53 0.020 Fig. 2 . Neighbour-joining phylogenetic tree based on the comparision of the concatenated housekeeping genes (glnA, gyrB, recA) using MEGA7.0, showing the phylogenetic relationship between novel strains and recognized species of the genus Rhizobium. Asterisks denote branches that are also recovered using the maximum-likelihood and minimum-evolution methods. Bootstrap values (percentages) are based on 1000 replicates and shown when >50 %. Bar, 2 % sequence divergence.
R. taibaishanense CCNWSX 0483
T and R. undicola ATCC 700741 T (Fig. S1 , available in the online Supplementary Material), demonstrating that N19 T and N11-2 belong to the same genomic species, but are distinct from the known species.
Fatty acid profiling is a useful and functional tool to identify the species of the genus Rhizobium and related genera [25] . In this study, N19
T and N11-2 and reference strains representing R. taibaishanense and R. undicola were incubated under the same conditions. After 2 days of incubation at 30 C on YMA. Fatty acid methyl esters were prepared and separated using method described by Sasser [26] and identified with the MIDI Sherlock Microbial Identification System (Library RTSA6 6.0, MIDI Sherlock Software Package, version 6.0; Agilent 6890N). The cellular fatty acids of strains N19
T and N11-2 were similar to those of the reference strains ( Table 2 ). The major fatty acids of strains N19
T and N11-2 were C 18 : 1 !7c and/or C 18 : 1 !6c, which are characteristic in the fatty acid compositions of root-nodule bacteria [25] . However, the two novel isolates could be distinguished from related species by lacking C 10 : 0 3-OH, C 15 : 1 !8c and C 10 : 0 , as shown in Table 2 . Polar lipids were extracted and analysed by two-dimensional TLC according to the methods described by Minnikin et al. [27] and Tindall [28] . Major polar lipid components of strain N19
T were phosphatidylglycerol, diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, an unknown lipid, two unknown aminolipids and an unidentified aminophospholipid (Fig. S2 ).
To confirm DNA base composition and DNA-DNA relatedness, total DNA was extracted from each strain using the method of Marmur [29] . By using the thermal denaturation method [30] and Escherichia coli K12 as a standard, the DNA G+C content of strain N19
T was determined to be 58.7 mol%, which was within the range reported for species of the genus Rhizobium (57-66 mol%; [31] ). The DNA-DNA hybridization assay between strains N19 T and N11-2 was performed using the initial renaturation rate method [32] , and the DNA relatedness was 87.9 %, which was higher than the species threshold of 70 %, implying that they belong to the same species. The genomic DNA of strain N19 T and R. taibaishanense CCNWSX 0483 T was sequenced by using Hiseq Technology at SinoGenoMax. The genomic sequences were assembled with SOAP denovo version 2.04 software and annotated using the Prokaryotic Genome Annotation Pipeline (PGAP) by NCBI. The genome sequences were submitted to NCBI. The DNA G+C content of strain N19
T was 54 mol% calculated from the whole-genome sequence. DNA-DNA hybridization estimates were obtained using GGDC (Genome-to-Genome Distance Calculator; http://ggdc.dsmz.de) with the BLAST+ (recommended) method [33] . Strain N19 T showed 18.2 % and 19.6 % DNA-DNA relatedness to the closely related strains R. taibaishanense CCNWSX 0483
T and R. vitis S4 (BioProject ID PRJNA58249), respectively, which was below the acceptd threshold value. These results showed that N19
T and N11-2 represent novel strains of the genus Rhizobium.
To assess its symbiotic potential, Phaseolus vulgaris, Medicago truncatula, Glycine max, Trifolium repens, Pisum sativum and Vicia spp. were selected to perform a nodulation test. The seed surface sterilization, germination, inoculation and the plant growth conditions followed the methods described by Zhang et al. [12] . The inoculated plants were checked for signs of root nodulation after growing for 1 month. The nifH gene was amplified by PCR using primers and conditions as described by Ueda et al. [34] , Laguerre et al. [35] and Raja et al. [36] . Nodules were not detected on any legume plants inoculated with N19
T and N11-2, and the nifH gene was also not detected by several pairs of primers and by examining the genome sequences.
On the basis of results obtained in this study, strains N19 T and N11-2 are genotypically and phenotypically distinct from recognized species and represent a novel species of the genus Rhizobium, for which we propose the name Rhizobium oryziradicis sp. nov.
DESCRIPTION OF RHIZOBIUM ORYZIRADICIS SP. NOV.
Rhizobium oryziradicis (o.ry.zi.ra¢di.cis. L. fem. n. oryza rice; L. fem. n. radix -icis root; N.L. gen. n. oryziradicis of the rice root).
Cells are Gram-stain-negative, aerobic and rods. Colonies are circular and pearl white on YMA at 30 C. Growth occurs from 4 to 40 C, and the pH range for growth is pH 4.0-11.0. The tolerance of NaCl concentrations is up to 5 % (w/v). Positive reactions for nitrate reduction, aesculin The type strain, N19 T (=ACCC 19962 T =KCTC 52413 T ), was isolated from rice roots in Sangyuan, Luannan County, Hebei Province, China. The DNA G+C content of type strain is 58.7 mol% (T m ).
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